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Abstract
Title: Carbon Fiber Interleaved Polyester Laminate Strength Testing with Correlation in
Finite Element Simulations
Author: Hieu Le Huynh
Advisor: David Fleming, Ph.D.
Delamination of composite structures under impact conditions has been a catastrophic and
economic issue in the past and is still a problem today. Many techniques have been used to
improve the toughness in composite laminates. An example of a previous dissertation was
performed by Adnan Gheryani titled: “Analysis of Polyester Interleafs for Toughness
Enhancement in Composite Structures.” Gheryani’s study shows that adding in polyester
interleafs into composite laminates made primarily from carbon fiber fabric adds ductility
and resists crack growth after delamination, which leads to improvement of the overall
toughness of the laminate. However, improvements in toughness, strength, and stiffness
behaviors are not parallel; improving the toughness does not mean the strength and
stiffness of the laminate increases. Similarly, adding polyester interleafs into laminates
could potentially degrade the overall strength of the laminate while also reducing its
stiffness for load transfer. This thesis studies the strength and stiffness behavior of
composite laminates interleaved with polyester. This thesis is based on performing tensile,
flexure, and short beam strength tests to obtain stress-strain data and strain to failure data
for carbon fiber-only laminates, polyester-only laminates, and carbon fiber interleaved with
polyester laminates. Data for polyester interleaf material cast in a matrix is collected for
the first time and used to determine the nonlinear response characteristics of this material.
The experimental data were then used in finite element models to simulate the response of
carbon fiber laminates that were interleaved with polyester using the ANSYS software.
The manufacturing process of the experimental test specimens, the experimental test
iii

procedures, the experimental test results, the finite element modeling procedures, and the
post processing of the finite element results are outlined and described in this thesis.
The flexure experiment shows that replacing 2 structural carbon fiber plies with 1 polyester
ply out of a 6 ply carbon fiber laminate improves both the effective modulus of elasticity
and the effective modulus of rupture by 42% and 39%. This research shows that
interleaving polyester plies into a structural laminate reduces the tensile strength of the
entire laminate by 50% for a replacement of every two structural plies for one polyester
ply. In addition, this research shows that interleaving polyester plies near or at the neutral
axis improves the short shear beam strength of the laminate by 33%. Lastly, this research
shows that using nonlinear experimental properties in ANSYS one can build finite element
models that correlate with the experiment test results.
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Chapter 1
Introduction and Literature Review
1.1. Introduction
In automotive, space, and aircraft industries there has been a growing usage of composite
materials through the design and production of primary and secondary structures. Weight
savings and maintenance cost are the key factors that drive optimization of structural
designs. Composite materials are light in weight while being incredibly strong which
results to opportunities for weight optimization while still fulfilling strength
requirements. In addition, composite materials are corrosion and fatigue resistant. For
most of the 20th century, aircraft vehicles were designed and built primarily with metallic
structures. This led to high cost in maintenance through inspection requirements and
repairs since metallics are prone to corrosion and fatigue cracking. Composite materials
are the popular choice due to the reasonings mentioned, however, it does have its
weaknesses. Typical composite fibers are brittle and their composites may have low
toughness properties. Under impact loads like bird-strike and crash conditions, structures
made from composite materials may fail catastrophically. For this reason, techniques
have been developed to enhance the toughness properties of composites. A dissertation
by Paul J. Hogg shows multiple ways to interleave thermoplastic fibres into
thermosetting composites. Hogg’s dissteration shows that commingling thermoplastic
fibers with structural fibers prior to fabric manufacture or inserting them in the form of
veils in between the layers of structure fibers for resin infused or RTM shows superior
damage tolerance to the untoughened lamiantes manufactured with plan structurl fibre
reinforcement. A dissertation by Adnan Gheryani titled: “Analysis of Polyester Interleafs
for Toughness Enhancement in Composite Structures” [Ref. 1] shows that adding in
polyester interleafs into structural composite laminates made primarily from carbon
fabric adds ductility and resists crack growth after delamination, which leads to
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improvement of the overall toughness of the laminate. However, interleaving a ductile
material into a brittle laminate could reduce its overall stiffness and strength capabilities.
Finite element correlation to experimental test results is important because testing is time
consuming and costly; therefore, if we can build finite elements models that produce
result similarly to the experimental test results, then we have the knowledge to build
models in accordance with reality and thereby accelerate the design process. Using such
models we can then analyze other configurations and loading scenarios without further
experimental testing. This thesis concentrates on the strength and stiffness behavior of
the composite laminate once interleaved with polyester plies through testing, finite
element simulations, and classical methods.

2

1.2. Literature Review
This thesis involves the extraction of stress-strain data and strain to failure data of carbon
fiber-only laminates, polyester-only laminates, and carbon fiber laminates interleaved with
polyester using experiments that follow ASTM standards. The stress-strain data are input
values in the pre-processing of the finite element models that are used to simulate the
strength and stiffness response of the subject laminates. The experimental strain to failure
data is used as a reference point for simulating correlations with the finite element models
for validation and theoretical purposes. The bottom line of this research is to understand
the strength and stiffness behaviors of carbon fiber laminates interleaved with polyester
plies. This interleaving method is used to improve toughness of composites, but
confidence must be gained to ensure that strength and stiffness of the composite is not
degraded, and if so, must be accounted for through structural analysis and design
improvements. The strength and stiffness of composite laminates interleaved with
polyester plies are studied in the form of tensile, flexure, transverse shear, and
compression. Based on the experiment and topic of research mentioned, the literature
review consists of the methods of interleaving and the experimental test methods.

1.2.1. Method of Interleaving Polyester
Interleaving is the technique of inserting a tough material into a brittle composite laminate
as extra interlaminar layers. This technique has been used successfully to enhance
resistance to crack initiation and improve fracture toughness of brittle composites [Ref. 1].
The interleaved material must have high toughness properties, and usually are materials
that fail under large strains. A few interleaving techniques performed by industries in the
past are adding in adhesive film in the critical interfaces, altering the ply fibers by weaving
in thermoplastic fibers making the entire ply more ductile, and using non-woven fabrics by
vacuum infusion. The thermoplastic and non-woven fabric techniques have shown
improvements in CAI (compression after impact) and Mode I and II interlaminar fracture
toughness [Ref. 1]; however, the manufacturing process is not simple. The adhesive film
technique is simple, but since it has low stiffness and strength properties, it proportionally
reduces the overall stiffness and strength of the parent laminate. Therefore, the research of
interleaving polyester plies into composite laminates came into development. The
3

dissertation by Adnan Gheryani titled: “Analysis of Polyester Interleafs for Toughness
Enhancement in Composite Structures” demonstrates that interleaving polyester plies does
improve the fracture toughness of the laminate. In addition, Dr. Ronnal P. Reichard and
his colleagues have studied polyester interleaf materials in different applications [Ref. 1].
Some examples of the types of applications and positive results are found in:
1. “Interleaving polyester into bonded joints between CFRP laminate and
metallic structures to enhance fatigue life.”
2. “Interleaving polyester into in a CFRP infused laminate of road grader blade
for NASA. The bladed passed all tests for lunar regolith.”
3. “Interleaving polyester to inhibit crack propagation in self-taping screws,
improving holding capability for the laminate.”
4. “Interleaving polyester into to improve the tabbing peel strength of a frame
bonded to another composite structure, the peel strength doubled of that
obtained using chopped strain E-glass.”
5. “Interleaving polyester led to weight savings on the leading-edge spar of an
airplane wing. The laminate thickness decreased by 50%. The weight was
reduced by 60% and the cost was reduced by 65% while still meeting design
requirements.”
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1.2.2. Experimental Methods
This thesis concentrates on interleaving polyester (DuraSpun 016/120) plies with BIMAXL-48 +/-45 Carbon Biaxial Braid Fabric that is cut to 0 and 90 degree plies into a
composite laminate through the process of wet layup and then cured at room temperature.
A total of four laminates were created for testing. The layups used are based on the type of
strength test performed and the thickness equivalency to the referenced parent carbon fiber
fabric laminate without any interleaved polyester plies. The four laminate configurations
are as follows:
1. All polyester laminate. This laminate is used to obtain the stress-strain and strain
to failure data for the polyester material under axial, flexure, and short shear beam
loading. Refer to Figure 1 below for layup configuration:

Figure 1: All Polyester Laminate

2. All carbon fiber fabric laminate. This laminate is used to obtain the stress-strain
data and strain to failure data for the BIMAX-L-48 +/-45 Carbon Biaxial Braid
Fabric material (plies are cut to 0 and 90 degree directions) under axial, flexure, and

short beam nose loading. Refer to Figure below for layup configuration:

Figure 2: All Carbon Fiber Laminate
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1. BIMAX-L-48 +/-45 Carbon Biaxial Braid Fabric laminate with one single ply of
polyester plies (DuraSpun 016/120) in the middle of the layup. This laminate is
used to obtain failure data under tensile, flexure, and short beam nose loading.
Refer to Figure below for layup configuration:

2.
Figure 3: Polyester Center Ply Laminate

3. Laminate with alternating BIMAX-L-48 +/-45 Carbon Biaxial Braid Fabric and
polyester plies (DuraSpun 016/120). This laminate is used to obtain failure data
under tensile, flexure, and short beam nose loading. Refer to Figure below for
layup configuration:

Figure 4: Polyester Interfaces Laminate
Mechanical testing focused on convential tensile and flexure tests, although the benefits of
polyester interleaving are expected to be most apparent in loading conditions such as
impact. Structures under impact react to both transverse shear and bending moments as
internal loads. Resistance to impact damage is the goal, however, interleaving polyester
into a structural laminate could potentially degrade its strength and stiffness. That is why
we also study the behavior of the laminate and interleaved laminates under axial loading.
The reaction conditions are identified, and experimental methods were then performed.
The study of composite laminates in Section 1.2.1 under transverse shear was performed
through the experimental method: Short-Beam Shear per Ref. [2] ASTM D2344-00. The
study of composite laminates in Section 0 under flexure was performed per Ref. [3] –
6

ASTM D790-92. The study of composite laminates in Section 0 under tensile were
performed based per Ref [4] – ASTM D3039-00 modified to accommodate the available
apparatus and extensometer.

1.2.2.1. Short-Beam Shear Method
The structure can be idealized as a rectangular laminate coupon with an applied point load
that represents the crash load. That point load introduces transverse shear through the
thickness of the laminate which is then reacted by the resin as interlaminar shear. The
cross-section of the laminate is rectangular, so the maximum shear stress is located at the
neutral axis. The maximum shear stress can be derived using Mechanics of Materials.
Section Width: b
Section Thickness: t
Coupon Length: L
Cross-Section Area (A) = b * t
t2

b

First Moment of Inertia (Q) = 2 ∗ ( 4 − y 2 )
1

Second Moment of Inertia (I) = 12 ∗ b ∗ t 3
Maximum Shear Stress at Neutral Axis =

V∗Q
12 ∗ V
t2
V
=
∗
− y 2 ) = 1.5 ∗
(
3
I∗t
2∗b∗t
4
A

Figure 5: Coupon Arbitrary Section & Maximum Shear Stress Location
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Therefore, for the Short Beam experimental test per Ref. [2], the polyester ply is placed in
middle of the layup, and also one layer above and below the neutral axis to study the shear
behavior of the laminate with interleaved polyester in the area of highest shear stress, Refer
to Figure 3 and 4 for layup configuration.

1.2.2.2 Flexure Method
Further derivation and idealization of the static problem, we can idealize the impacted area
as a fix beam with an applied point load. The point load (impact load) induces bending
and the problem can be idealized as multiple fix beams around the circumference of the
impacted area. Refer to Figure 6 below.

Figure 6: Idealization & Beam Theory
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The maximum bending stress is located at the extreme fibers. The maximum bending
stress can be derived using Mechanics of Materials.

Figure 7: Coupon Arbitrary Section & Maximum Bending Stress/Strain Location

Section Thickness: t
c: location within cross-section = ½ * t (extreme fiber)
1

Second Moment of Inertia (I) = 12 ∗ b ∗ t 3
1
M∗2∗t
M∗c
6∗M
Maximum Stress at Extreme Fiber (σ) =
=
=
1
I
b ∗ t2
3
∗
b
∗
t
12
Maximum Strain at Extreme Fiber (ε) =

σ
(elastic region only)
E

The damaged area is idealized using beam theory; therefore, the experimental test is
performed using the 3-Point Flexure Test per Ref. [3]. In addition, since the critical
stress/strain is located at the extreme fiber plies of the laminate two polyester plies is
inserted into the laminate: one polyester right below the upper extreme carbon fiber ply and
one polyester ply right above the lower extreme carbon fiber ply. Adding the polyester
plies at those two locations is ideal for impact resistance while also an ideal location to
study the stiffness and strength changes when interleaving polyester into the structural
laminate under bending.

9

1.2.3 Thermoplastic Fibres for Fracture Toughness
Hogg [Ref. 9] studied interleaving of structural composites with thermoplastic materials
for toughness enhancement. Hogg focused on different thermoplastic fibers and
investigated multiple ways to incorporate them into composite laminates prior to curing.
That study emphasized cost optimization of composite manufacturing processes such as
liquid composite moulding and traditional hand layups. Examples of liquid composite
molding are vacuum infusion and resin transfer molding, which are cost efficient but may
sacrifice toughness properties of the composite.
There were three experiments that Hogg performed on introducing thermoplastic fibers
into structural composite laminates. The first experiment used commingled glass and
thermoplastic non-crimp fabrics where the thermoplastic content is approximately 50% by
volume of the fabric and consisted of polypropylene fibres with a nominal fibre diameter
of 50 micro-meters. These laminates were hand laid up with three resin systems: standard
isophthalic polyester hand laminating system, a low-viscosity expoxy, and traditional hand
laminating epoxy. Once the interleaved laminates were cured, Hogg performed impact
testing using an intrumented falling weight machine with square specimens 60 mm x 60
mm, supported on a 40 mm diameter steel ring and with a steel striker equipped with
hemispherical tup of 20 mm diameter. Iimpact tests with energy greater than that required
to penetrate the specimen completely were conducted using an approximate velocity of 4
m/s. Results showed that the laminates with thermoplastic fibres exhibited a noticeable
rise in energy absorbtion compared to laminates with an equivalent thickness, and also that
the resin system has a significant effect on energy aborption [Ref. 9]. Laminates with UP
(polyester resin) showed significant energy aborption in addition to interleaving with
polypropylene fibres.

10

Figure 8: Commingled Glass & Prolypropylene Fibers [Ref. 9]
The second experiment that Hogg performed was on woven commingled carbon nylon
(nylone 6 fibers). The volume fraction of this laminate was relatively poor and the final
volume fraction of carbon fibre was only 25%. The excess energy impact test was also
used and results showed improvements in total energy absorbed compared to laminates
without interleaved carbon nylon. In addition, compression after impact (CAI) was
performed on both laminates with and without commingled nylon 6 fibres. CAI results
showed that the commingled laminates exhibits a smaller reduction in strength; however, it
was noted in the dissertation that experience with resin systems has shown differences
between systems compared in this way usually disappear when the residual properties are
plotted as a function of damage size. This indicates that the basis for improvement from
one resin system to another are largely based on the ability of the particular prepreg to
resist impact damage and delaminations. The propagation of damage is little affected by
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changes in fibre. The commingled laminates showed high strength as a function of damage
sized compared to the laminates with carbon fibres only, which indicates the commingled
nylon 6 fibres improve both the resistance to damage formation (Impact) and damage
propagation (CAI), [Ref. 9]. Hogg’s dissertation noted that impact analysis showed the
critical failure mode for impact is mode-II shear cracking and the critical failure mode for
CAI is mode-I cracking opening. Hogg performed mode-I and mode-II tests on the
commingled nylon 6 laminates and results showed improvements in both cases relative to
the plain carbon laminates [Ref. 9].
The third and final experiment performed by Hogg’s was interleaving in composites using
veils to introduce a tough layer during liquid infusion molding. Veils were applied at the
interlayer positions between layers of fabric in a carbon epoxy laminate. Compression
after impact (CAI) tests reveals laminates with veils results to an increase in CAI strength
relative to the laminates with no veils. The improvements results from a greater resistance
to delamination propagation making it more damage tolerant [Ref. 9].
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1.2.4 Polyester Interleaf for Fracture Toughness
This thesis expands on the work that was done by Adnan Gheryani’s [Ref. 1] This work
concentrated on crack propagation and fracture toughness. The two modes of fracture
toughness that Adnan concentrated on was Mode I and Mode II.
The Mode-I condition is a crack propagation mode induced by an out-of-plane load on the
upper and lower surface of the laminate in the opposite direction, reacted via tension in the
adhesive. The applied load vectors are perpendicular to the crack growth direction. ModeI
is based on normal stresses perpendicular to the interface. Refer to Figure 9 for a visual
representation of the Mode-I loading condition and a detailed visualization of typical crack
propagation under Mode-I within a cohesive bond that joins two laminates [Ref. 6].

Figure 9: Mode I and Cracking Configuration [Ref. 6]
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Mode-II is a crack propagation condition induced by in-plane shear loading (sliding). The
shear load vector is parallel to the crack growth direction. This condition induces
interlaminar shear stress within the laminate. Refer to Figure 10 for a visual representation
of the Mode-II loading condition. [Ref. 6]

Figure 10: Mode II Loading Configuration [Ref. 6]
In Ref. 1 Gheryani fabricated specimens using the wet hand layup method and cured at
room temperature. Mode-I fracture toughness was then measured using the Double
Cantilever Beam (DCB) test and Mode-II fracture toughness was examined using the EndNotched Flexure (ENF) test. Adnan also performed additional crack propagation studies
using static indentation and full penetration impact testing. The dissertation shows studies
of laminates under flexure after being exposed to impact energy. Adnan compared
toughness and investigated the resulting fracture surfaces. The research showed significant
improvements in the Mode-I loading condition; there were a large increase (up to a factor
of 4) in propagation energy per unit area resulting from interleaving the polyester material.
However, the Mode-II condition shows smaller improvements with the best cases showing
an increase in propagation energy to maximum load by about a factor of two compared
with control cases. The dissertation shows that the polyester interleaf significantly
influences the fracture toughness behavior under static indentation and full penetration
tests.
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Gheryani’s research work also involved correlation of finite element simulations to his
results from experimental test. Tests of Mode-I and Mode-II delamination specimens were
modeled with finite element models to simulate the behavior of composite interleaved
structures. The effects of the relatively thick interleaf layers on the basic stiffness of the
composite laminates were studied using finite element models generated using ANSYS,
while delamination behavior was investigated using cohesive zone models (CZM) in LSDyna. The use of CZM allows accurate simulation of crack initiation, though the
propagation response was not well captured. His work was referenced to simulate finite
element models to correlate with the experimental test results within this thesis.
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Chapter 2
The Experiment
The materials used, the layup procedure, the tools, test fixtures, specimen dimensions, test
procedures, and experiment results are discussed in this section. The specimen
manufacturing was all done at Structural Composites, Inc., under the supervision of Dr.
Ronnal Reichard. A portion of the testing was done with Dr. Ronnal Reichard at Structural
Composites, and another portion was done with Dr. David Fleming at Florida Institute of
Technology. Structural Composites is in Melbourne, FL and have been in the business of
testing and composite structural manufacturing for almost four decades. Structural
Composites was founded in 1987 and has developed a proven track record of innovation
and service in the composite industry. Structural Composites has been involved in marine,
aerospace, theme park, defense, infrastructure and both road and rail transportation
industries. Production and testing facilities available there were instrumental to conduct of
the research.
Four composite panels were created with four different layup configurations. A total of 20
specimens were cut out of the four panels, 5 specimens for each panel. The layup
configuration of the four composite panels is discussed in Section 1.2.2.

2.1. Polyester Panel Manufacturing
The polyester interleaf material used was DuraSpun 016/120 with thickness of 0.0291 inch
and basis weight of 0.0768 g/in2. This is a nonwoven spunbond thermoplastic polyester
fabric that is manufactured by Johns Manville (Ref. 1). Two panels were created to yield
15 specimens for tensile, flexure, and short beam strength testing per ASTM standards.
Refer to Figure 11 for a closeup view of the polyester ply fibers. A sample sheet of
polyester was trimmed to dimension of 37” in length and 5” in width with a thickness of
0.056” and weighed 0.897 ounces; the sample ply geometric configuration is used to
calculate the resin to fiber volume content after cure. Eight plies of polyester were then cut
out to a dimension of 12” by 12” to build two panels each made up of four plies.
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Figure 11: Polyester DuraSpun 016/120 Ply

Figure 12: Polyester Ply Dimensions & Weight
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Resin was produced by mixing Interplastic Corporation VE8129 vinylester resin with 1%
catalyst . This mixture gets us to the viscosity level of the resin we need, which equates to
mixing with hardener (catalyst) at a 2:1 ratio. The glass transition temperature for this
resin is approximately 150˚C. A 14” by 14” wooden board was waxed and used as the
layup surface, which was then placed inside a frame. Release film was placed on top of
both the frame and the layup board; this assembly is designed to prevent resin spill while
100 psi of pressure is applied during cure. The first ply of polyester is laid on top of the
release film that is covering the layup board. The first ply is soaked with resin using a
paint roller. The second ply is laid on top of the first ply and soaked with resin using a
paint roller; this process is repeated for every ply. Once the fourth ply is laid down and
soaked with resin, another layer of release film is laid on top of the layup. The release film
extends to the wooden frame edges. Refer to Figure 13 for polyester ply resin soak. Next,
two stiff wooden blocks were laid on top of the release film and layup, these blocks are
used to distribute uniform pressure on the laminate during the pressurized curing cycle of 2
hours. The resin prevention assembly and layup are placed in the Tinius & Olsen Test
Machine, which is used to apply a pressure of 100 psi for 2 hours. The pressure
application is to squeeze out resin and thus develop a larger fiber versus resin content once
the laminate is cured. Larger fiber content improves both fracture toughness and
strength/stiffness of the laminate. Refer to Figure 15 for visual of the Tinius and Olsen
Test Load Application Machine. Refer to Figure 16 for pressure application using the
Tinius and Olsen Test Machine. After 2 hours, pressure was removed from the partially
cured layup and then left at room temperature to finish cure overnight. A total of five
specimens with dimensions 10” by 2” were trimmed out of the cured panels.
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Figure 13: Resin Leak Prevention Setup
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Figure 14: Polyester Ply Resin Soak

Figure 15: Tinus & Olsen Test Load Application Machine
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Figure 16: 100 psi Pressure Application
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The resin and fiber weights were calculated after the panels were cured. The calculations
are shown below:
Polyester Ply Sample Width (Swidth) = 5.125”
Polyester Ply Sample Length (SL) = 37.0625”
Polyester Ply Sample Thickness (Sthickness) = 0.056”
Polyester Ply Sample Weight (Sw) = 25.421 grams
Cured Polyester Panel after Trim Area (A) = 11.75 in sq.
Cured Polyester Panel after Trim Weight (W) = 204.59 grams
Panel Fiber Ply Weight at 11.75 in sq (Ppw) = Sw ∗ (
= 25.241 ∗ (

A
Swidth ∗ SL

)

11.75
) = 1.5725 g
5.125 ∗ 37.0625

Panel Fiber Weight (Pfw) = 1.5725 * 4 = 6.29 g (4x plies)
Panel Resin Weight (Prw) = W - Pfw = 204.59 – 6.29 = 198.3 grams

𝐏𝐚𝐧𝐞𝐥 𝐑𝐞𝐬𝐢𝐧 𝐕𝐨𝐥𝐮𝐦𝐞 𝐅𝐫𝐚𝐜𝐭𝐢𝐨𝐧 % =

(𝐀 ∗ 𝐏𝐫𝐰 )
𝟏𝟗𝟖. 𝟑
∗ 𝟏𝟎𝟎 =
∗ 𝟏𝟎𝟎 = 𝟗𝟔. 𝟗𝟑 %
𝐀∗𝐖
𝟐𝟎𝟒. 𝟓𝟗
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2.2. Carbon Fiber and Interleaved Polyester Panels Manufacturing
The manufacturing process was supervised by Dr. Ronnel Reichard and Dr. David
Fleming, at Structural Composites in Melbourne, Florida. Structural Composites provided
the carbon fiber material: BIMAX-L-48 +/-45 Carbon Biaxial Braid, that was purchased
from A & P Technology. BIMAX-L-48 +/-45 Carbon Biaxial Braid is a 2 x 2 Twill Fabric
made out of Bias – AS4C-GP 3K (Hexcel) – 97% of weight with Axial – Fiberglass
Stabilizing Yarns (every 4th position) – 3% of weight [Ref. 10]. The carbon fiber density is
0.0643 lb/in3, the tow cross-sectional area is 1.74E-4 in2, and the filament diameter is 0.272
mil [Ref. 10]. The carbon content in each fiber is 94.0%. The fabric width is 48 inches
with a layer thickness of 0.01 inch [Ref. 10].
The Carbon Biaxial Braid sheet was oriented 45 degrees to carve out the panel plies in the
0-degree fiber direction that is needed for the tensile and flexure experiments. The
polyester material used was DuraSpun 016/120 with thickness of 0.029 inches. Three
panels were fabricated to yield 45 specimens for tensile, flexure, and short beam strength
testing per the ASTM standards. The layup configuration for the three panels are six plies
of carbon fiber, four plies of carbon fiber and one ply of polyester at the center of the
laminate, and three plies of carbon fiber and two plies of polyester (one ply of polyester at
the carbon fiber ply interfaces). Refer to Figure 2, 3, and 4 for a visual of the layup
configurations.
A 40” by 16” rectangular wooden board was waxed and used as the layup surface for all
three panels. Thick bagging tape is applied along the length of the board two inches away
from the upper and lower edges. One layer of release film is placed to cover the layup
surface inside the boundary created with the bagging tape. The wet layup with vacuum bag
pressure technique is then performed to fabricate the three panels. Resin was made by
mixing vinylester with catalyst to obtain 1% moisture (resin viscosity level needed). The
first ply of all three laminates is placed on the layup surface. A paint roller is then used to
soak each ply with resin. The next ply is placed on top of the previous ply and soaked with
resin. Resin laminating roller is pressed and rolled along the surface of the second ply to
remove air pockets between the plies. The same procedure of resin soaking, and air pocket
removal is performed after each new ply is placed. After the last ply is laid up, a sheet of
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release film and a sheet of breather that extends the length of the layup area is placed on
top of all three uncured laminates. Two 6” by 6” breather is trimmed out and placed on top
of the large sheet of breather where the vacuum suction is located. Another sheet of
release film is then placed on top of all breather material. Two X slits are created on the
release film and vacuum suction hoses are welded to the layup using bagging tape. Suction
is then applied to form vaccumm pressure of about 10 psi to the layup. The vacuum
pressurized wet layup is left to cure at room temperature for 24 hours.

Figure 17: BIMAX-L-48 Carbon Fiber Biaxial Braid Plies

Figure 18: Test Panel Plies
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Figure 19: Wet Layup Board

Figure 20: Bagging Tape & Release Film Application
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Figure 21: First Ply Application

Figure 22: Breather & Release Film Application

26

Figure 23: Wet Layup Room Temperature Cure
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2.3. Experimental Tensile Test
The purpose of interleaving polyester into structural composite laminates is to improve its
toughness; however, the method of interleaving could potentially reduce the structural
strength and stiffness of the laminate. Therefore, tensile testing is performed to study the
tensile stiffness and tensile strength behaviors of the subject composite laminates. The
research plan was to perform the tensile test on the all-carbon fiber laminate, all-polyester
laminate, and carbon fiber laminate interleaved with polyester plies. The purpose of the
experimental tensile test on laminates that have only carbon fiber and only polyester is to
obtain the stress-strain material data that is used as input data to the finite element models.
The tensile test is performed per ASTM D3039, Ref [4]. A Tinus and Olsen machine was
used to perform the experiment and an extensometer was used to capture the axial stressstrain data and failure data of each specimen. Specimens are trimmed to 12” in length by
1” in width. The thickness varies slightly along the length of the specimen and there were
deviations from the ASTM standard in that tabs and dogbone configurations were not
added to the specimens which renders strength data to where the specimens were clamped.
The extensometer is applied at the center of the specimen where measurements were taken.
The upper and lower edges are clamped to the Tinus and Olsen machine using mechanical
wedge grips. A loading rate of 0.20 in/min was applied. The environment was at about 75
degrees F with a humidity of approximately 50%. Results of all test specimens are
summarized in Figure 23.
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Stress and Strain values are calculated from the following equations:
Strain =

𝛅
P
, Stress =
𝐋𝐨
W∗T

Lo: Original Length of Specimen, 𝛅: Displacement, P: Applied Load
W: Width of Specimen, T: Thickness of Specimen

AC: all carbon laminate, total of six plies.
C1P: four plies of carbon fiber and one center ply of polyester.
C2P: three plies of carbon fiber and two plies of polyester at all the interfaces.
Figure 24: Tensile Test Results Summary
Figure 24 shows a summarization of results and behavior of one typical specimen within
each batch of layup configurations for tensile testing. The tensile test proves that the all
carbon fiber laminate is much stiffer, in addition to have a larger strain to failure than the
laminates with carbon fiber plies replaced with polyester ones. Replacing carbon fiber
plies for polyester plies on degrades the structural properties of the laminate under tension.
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2.3.1. Polyester Laminate Tensile Test Results
A total of five specimens made up of four plies of polyester were tested and the results are
shown below. Results show that the polyester material has large ductility; the largest
strain at failure is 20% at a load of approximately 350 lb.. The largest load is applied to
specimen 1 which failed at 15% strain. The graphs were analyzed and a the specimen that
resembles the typical behavior of all specimens within the group is used to determine the
overall stress-strain data. Resemblance to typical behavior is defined by the curve that is
in-between the outer extremes.

Figure 25: Polyester Tensile Test with Extensometer
Figure 25 shows where the typical failure occurs on all five polyester specimens after
tensile testing. The failure occurs near the clamp since the specimens were not trimmed to
a dog-bone shape where the cross-sectional area is much smaller at the strain gage.
However, the polyster specimens failed at about 15% strain which is more than enough
information that was needed to obtain the nonlinear properties of the polyster material.
The carbon fiber plies will fail at a much lesser strain so the entire stress-strain curve for
the polyester material is needed for the finite element models.
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Figure 26: Polyester Stress vs Strain Experimental – Tensile Result
Figure 26 summarizes the stress-strain results of all five specimens. Specimen 1, 4, and 5
shows similar stress and strain failure locations. Specimen 2 and 3 shows much lower
failure values compared to the rest of the batch. This could be because curing defects
occurred at different locations of the panel, and where specimen 2 and 3 were trimmed out
happened to be at a location with high proxity and voids.
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Figure 27: Polyester Stress-Strain Tensile Material Data – FEM Input

Figure 27 shows stress-strain data dervived from Specimen 1. This is the typical behavior
of the polyester material picked out from the five tested specimens. This stress-strain
curve is used as input values for the material properties of the polyester ply under tensile
applied loads in the ANSYS Finite Element models.
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2.3.2. Carbon Fiber Laminate Tensile Test Results
A total of four specimens made up of 6 plies of carbon fiber biaxial braided, oriented 0/90
degrees at trim, were tested and the results are shown below. Results show the all-carbon
fiber laminate has high strength and could handle up to an effective tensile stress of 81.66
ksi. However, as expected, failure occurred with small amounts of plastic strain; in
addition, failure occurred at the grips, and thus the actual strength is higher than actually
observed. The graphs were analyzed the specimen that resembles the typical behavior of
all specimens within the group is used to determine the overall stress-strain data for the
subject laminate type.

Figure 28: Carbon Fiber Laminate Specimen Dimensions – Tensile Test
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Figure 29: Carbon Fiber Stress-Strain – Tensile Result
Figure 29 summarizes the stress-strain results of all five specimens, carbon fiber only
layups, under tensile testing. As expected the behavior of all five specimens are nearly
identical.
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Figure 30: Carbon Fiber Stress-Strain Tensile Material Data – FEM Input
Figure 30 shows the stress-strain data that was dervived from Specimen 2. This is the
typical behavior of the carbon fiber material picked out from the five tested specimens.
This stress-strain curve is used as input values for the material properties of carbon fiber
ply under tensile applied loads in the ANSYS Finite Element models.
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2.3.3. C/C/P/C/C Laminate Tensile Test Results
A total of four specimens made up of 4 plies of carbon fiber biaxial braided, trimmed in the
0/90 degree direction, and one ply of polyester in the center of the layup were tested and
the results are shown below. Results show that removing 2 plies of carbon fiber and
replacing with one ply of polyester to obtain equivalent thickness reduces the tensile
stiffness and strength of the laminate. The maximum effective failure stress from all 4
specimens was 47.56 ksi., which is a decrease in strength of 36% compared to the 6-ply
carbon fiber laminate. The graphs were analyzed and the specimen that resembles the
typical behavior of all specimens within the group is used to determine the overall stressstrain data for the subject laminate type.

Figure 31: [C/C/P/C/C] Laminate Specimen Dimensions – Tensile Test
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Figure 32: [C/C/P/C/C] Laminate Stress-Strain – Tensile Result

Figure 32 summarizes the stress-strain results of all five specimens that consist of five
carbon fiber plies with one polyester ply in the center of the layup under tensile testing.
The behavior of all five specimens are identical to each other and the graph is scaled
similarly to the graph shown in Figure 29. Figure 32 shows that the laminate with one
polyester ply in the center fails at a lower strsss-strain value than the all carbon fiber
laminates shown in Figure 29; which as expected is because of a reduction in axial
stiffness.
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2.3.4. C/P/C/P/C Laminate Tensile Test Results
A total of 4 specimens made up of three plies of carbon fiber biaxial braided, trimmed in
the 0/90 degree direction, and 2 plies of polyester between the carbon fiber interfaces were
tested and the results are shown below. Results show that removing 3 plies of carbon fiber
and replacing with 2 plies of polyester to obtain equivalent thickness reduces the tensile
stiffness and strength of the laminate even further from the C/C/P/C/C layup, but not by a
factor of number of plies lost. The effective maximum failure stress from all 4 specimens
was 26.95 ksi, which is a decrease in strength of 52% compared to the 6-ply carbon fiber
laminate. The graphs were analyzed and the specimen that resembles the typical behavior
of all specimens within the group is used to determine a typical stress-strain curve for the
subject laminate type.

Figure 33: [C/P/C/P/C] Laminate Specimen Dimensions – Tensile Test
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Figure 34: [C/P/C/P/C] Laminate Stress-Strain – Tensile Result
Figure 34 summarizes the stress-strain results of all five specimens that consist of three
carbon fiber plies and two polyester plies at the carbon to carbon interfaces under tensile
testing. The behavior of all five specimens are identical to each other and the graph is
scaled similarly to the graph shown in Figure 29. Figure 34 shows that the subject
laminates fails at a lower strsss-strain value than the all carbon fiber laminates shown in
Figure 29 and the [C/C/P/C/C] laminate shown in Figure 32; which as expected is because
of a reduction in axial stiffness.
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2.4. Experimental Flexure Test
Bending is one of the dominant conditions that a structure is exposed to during impact.
Therefore, a Three-Point Experimental Flexure test was performed per ASTM D790-17,
Ref [3]. This test method is used to determine the flexural strength and properties of the
carbon fiber laminate, polyester laminate, and carbon fiber laminate that is interleaved with
polyester plies. The test per ASTM D790-17 utilizes a three-point loading system to apply
a load to a simply supported beam (specimen). Specimens are rectangular in shape and are
trimmed per ASTM D790-17 standards, Ref [3], except for the width dimension which is
larger than specification; however, the deviation had negligible effects to the results of this
test. The support span of the specimen is sixteen times its thickness for thicknesses equal
to or greater than 1/16 inch, and for specimens with thicknesses less than 1/16 inch the
support span is 1 inch. A test specimen of rectangular cross-section rests on two supports
in a flat-wise position and is loaded by means of a loading nose located midway between
the supports. The specimen is deflected until rupture occurs in the outer surface of the test
specimen or until a maximum strain of 5% is reach, whichever occurs first.

Figure 35: Flexure per D790-17
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Figure 36: Beam Support Apparatus

Figure 37: Flexure Test Setup
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Figure 38: Flexure Specimens

A total of 15 specimens were tested for flexure. The specimen with grey lines specifies the
number of polyester plies interleaved in the laminate. The specimens with no lines are
those where no polyester plies were interleaved. The required rate of crosshead motion is
calculated per Equation 1 of Ref [3].
R=

Z ∗ L2
6∗d

where:
R = Rate of crosshead motion, in./min
L = support span, (in)
d = depth of beam, (in.)
Z = rate of straining of the outer fiber, (in./in./min). Z shall be equal to 0.01. Indicate here
what resulting loading rate is needed for your specimens
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The testing environment was at about 75 degrees F with a humidity of approximately 50%.
The Stress-Strain results of all specimens are summarized in Figure 39.
Stress and Strain calculations are based on the following equation.
Strain =

δ
Lo

Stress =

3∗P∗L
2 ∗ W ∗ T2

Lo: Original Length of Specimen
𝛅: Displacement
P: Applied Load
W: Width of Specimen
T: Thickness of Specimen

AC: all carbon laminate, total of six plies.
C1P: four plies of carbon fiber and one center ply of polyester.
C2P: three plies of carbon fiber and two plies of polyester at all the interfaces.
Figure 39: Flexure Test Result Summary
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2.4.1. Polyester Laminate Flexure Test Results
The flexure test was performed at Florida Institute of Technology Research Lab. The
dimensions of each specimen and rate of crosshead motion are shown in Figure 38, an
average crosshead motion of 0.050 in/min was used with a span of 1.67”. The graphs were
analyzed and the specimen that resembles the typical behavior of all specimens within the
group is used to determine the overall stress-strain data. Resemblance to typical behavior
is defined by the curve that is in-between the outer extremes. The specimen was 12” long
and 2 inches wide, with a thickness of 0.1165”. The results from the polyester laminate
displayed large strain capabilities under flexure. The MTESTQuatto Materials Testing
System software was used to capture the load versus strain data. The result from this test is
used as material data that is inputted into the finite element models for correlation analysis.
Running Average was performed on the stress and strain data using twelve points.

Figure 40: Polyester Stress vs Strain – Flexure Result
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Figure 41: Polyester Stress-Strain Flexure Material Data – FEM Input
Figure 41 is used as the stress-strain material property data for the polyester plies under
flexure in the ANSYS Finite Element models.
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2.4.2. Carbon Fiber Laminate Flexure Test Results
The laminate is made up of 6 plies of carbon fiber biaxial braided, trimmed in the 0/90
degree direction. The flexure test was performed at Florida Institute of Technology
Research Lab. The dimension of each specimen is shown in Figure 48 and an average
crosshead motion of 0.030 in./min was used with an average span of 1.00”. There were
seven specimens, but only three were tested correctly (Specimen 5, 6, and 7) per Ref. [3].
The MTESTQuatto Materials Testing System software was used to capture the load versus
displacement data. The results show that the effective maximum modulus of rupture that
the specimen can handle is 30.83 ksi.

Figure 42: Carbon Fiber Laminate Specimen Dimensions – Flexure Test
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Running Average was performed on the stress and strain data using two points.

Figure 43: Carbon Fiber Stress-Strain – Flexure Result
Specimen 6 shows higher stiffness than Specimen 5 and 7 even though the cross-sectional
area is similar between the three specimens. The reason maybe that under vacuum cure the
area where specimen 6 was carved out was exposed to more uniform pressure that resulted
in less voids and proxity, which resulted to higher stiffness and strength.
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Figure 44: Carbon Fiber Flexure Stress-Strain Material Data – FEM Input
Figure 44 is the stress-strain data was dervived from Specimen 7. This is the typical
behavior of the carbon fiber material picked out from the three tested specimens. This
stress-strain curve is used as input values for the material properties of the carbon fiber ply
under flexure in the ANSYS Finite Element models.
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2.4.3. C/C/P/C/C Laminate Flexure Test Results
The laminate is made up of 4 plies of carbon fiber biaxial braided, trimmed in the 0/90
degree direction and one ply of polyester placed in the center of the layup. The flexure test
was performed at Florida Institute of Technology Research Lab. A total of 5 specimens
were tested. The dimensions of each specimen in Figure 45 and an average crosshead
motion of 0.030 in./min was used with an average span of 1.00”. The MTESTQuatto
Materials Testing System software was used to capture the load versus displacement data.
The results show that removing one ply of carbon fiber and replacing with one ply of
polyester reduces the stiffness (load carrying capability) of the laminate in terms of
modulus of elasticity, however, since the polyester ply is thicker than the carbon fiber ply,
stiffness is added back and more based on the increase in moment of inertia. The effective
maximum modulus of rupture stress reach 42.95 ksi for the [C/C/P/C/C] laminate, which is
an increase of 39%.

Figure 45: [C/C/P/C/C] Laminate Specimen Dimensions – Flexure Test

49

Running Average was performed on the stress and strain data using two points.

Figure 46: [C/C/P/C/C] Laminate Stress-Strain – Flexure Result
Figure 46 summarizes the stress-strain results of all five specimens that consist of five
carbon fiber plies with one polyester ply in the center of the layup from flexure testing.
The behavior of four specimens are identical to each other and specimen 5 seems to be the
outlier with failure at a much lower stress and strain value.
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2.4.4. C/P/C/P/C Laminate Flexure Test Results
The laminate is made up of three plies of carbon fiber biaxial braided, trimmed in the 0/90
degree direction and two plies of polyester placed in-between the carbon interfaces. The
flexure test was performed at Florida Institute of Technology Research Lab. A total of six
specimens were tested. The dimensions of each specimen in Figure 47 and an average
crosshead motion of 0.030 in./min was used with an average span of 1.00”. The
MTESTQuatto Materials Testing System software was used to capture the load versus
displacement data. The results show that removing three plies of carbon fiber and
replacing with two plies of polyester reduces the stiffness (load carrying capability) of the
laminate in terms of modulus of elasticity, however, because the polyester ply is thicker
than the carbon fiber ply, stiffness is added back based on the increase in moment of
inertia. The effective maximum modulus of rupture of all 5 specimens reached 30.89 ksi
for the [C/P/C/P/C] laminate, which is an increase of 0.20%. Stiffness was restored.

Figure 47: [C/P/C/P/C] Laminate Specimen Dimensions – Flexure Test
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Running Average was performed on the stress and strain data using two points.

Figure 48: [C/P/C/P/C] Laminate Stress-Strain – Flexure Result
Figure 48 summarizes the stress-strain results of all five specimens that consist of three
carbon fiber plies and two polyester plies at the carbon to carbon interfaces from flexure
testing. The behavior of all five specimens are identical to each other and the graph is
scaled similarly to the graph shown in Figure 43. Figure 48 shows that the subject
laminates fails at a lower stress value than the all carbon fiber laminates shown in Figure
43 and the [C/C/P/C/C] laminate shown in Figure 46, but fails at a much larger strain value
due to the added ductility from the two polyester plies.
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2.5. Experimental Short Beam Strength Test
Interlaminar shear is the critical failure mode for a structure under impact loading as
discussed in Section 1.2.2.2. Therefore, The Short Beam Strength Experimental test was
performed per ASTM D2344, Ref [2]. This test method is used to determine the shear
strength and properties of the carbon fiber laminate, polyester laminate, and carbon fiber
laminate that is interleaved with polyester plies. The test was performed at Structural
Composites in Melbourne, Florida. The test machine used was Tinus and Olsen Axial Test
Machine. The specimen is a short beam that is machined from a flat plate laminate that is
no larger than 0.25 inch thick. The length of the specimen is six times it’s thickness and
the width of the specimen should be two times it’s thickness. These small dimensions
ensures that the beam is loaded predominantly in shear without significant contributions by
bending. The short beam specimen was loaded in three-point bending with a nose loading
rate of 0.050 in/min. The specimen ends rest on the two supports that allow lateral motion,
the load being applied by means of a loading nose directly centered on the midpoint of the
test specimen. Refer to Figure 50 for Short Beam Strength Test configuration. The testing
environment was at about 75 degrees F with a humidity of approximately 50%. The
Stress-Strain results of all specimens are summarized in Figure 62.

Figure 49: Short Beam Strength per ASTM D2344/D2344M [Ref. 2]
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Figure 50: Short Beam Strength Test Setup [Ref. 2]
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Figure 51: Short Beam Strength Setup in Tinus & Olsen Machine

Figure 52: Short Beam Strength Test Specimens
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A total of 15 specimens were tested for Short Beam Strength. The specimen with grey
lines specifies the number of polyester plies interleaved in the laminate. The specimens
with no lines indicates that no polyester plies were interleaved.
Stress and Strain values are calculated from the following equations:
Stress = 1.5 ∗

P
W∗T

Lo: Original Length of Specimen
𝛅: Displacement
P: Nose Load
W: Width of Specimen
T: Thickness of Specimen

Figure 53: Short Shear Beam Test Results Summary
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2.5.1. Polyester Laminate Short Shear Beam Test Results
The Short Shear Beam test was performed at Structural Composites in Melbourne, Florida.
The dimension of each specimen are shown in Figure 55, an average crosshead motion of
0.050 in./min was used with a span of 0.40”. A total of 5 specimens were tested. The
results from the polyester laminate displayed large straining capabilities and shear failure
was never achieved. The failure mode ended up being large micro cracks on the outer
surfaces. Even though the beam is short, the specimens failed in tension at the extreme
surface inducing many micro cracks in the resin, as seen in Figure 54.

Failure Mode – Tension
(Micro-Cracks)

Figure 54: Short Shear Beam Polyester Specimen Failure
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Figure 55: Polyester Laminate Specimen Dimensions – SBS Test

Figure 56: Polyester Stress-Strain – SBS Result
Figure 56 summarizes the stress-strain results of all five specimens. Specimen 1, 3, 4, and
5 shows similar stress and strain failure locations. While Specimen 2 shows a much lower
failure location. Specimen 2 is the outlier.
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Figure 57: Polyester Stress-Strain SBS Material Data – FEM Input
Figure 57 shows the stress-strain data was dervived from Specimen 4. This is the typical
behavior of the polyester material picked out from the five tested specimens. This stressstrain curve is used as input values for the material properties of the polyester ply in the
ANSYS Finite Element Short Beam Strength correlation models.
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2.5.2. Carbon Fiber Laminate Short Beam Strength Test Results
The laminate is made up of six plies of carbon fiber biaxial braided, trimmed in the 0/90
degree direction. The Short Beam Strength test was performed at Structural Composites.
An average crosshead motion of 0.050 in./min was used with a span of 0.30”. A total of
five specimens (specimens 1 through 5) were tested and their dimensions are shown in
Figure 58. The results showed that the carbon fiber laminate can withstand up to an
average maximum short beam strength of 1.45 ksi. before interlaminar shear failure
occurred; there was no failure at the extreme fiber surface.

Figure 58: Carbon Fiber Laminate Specimen Dimensions – SBS Test
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Figure 59: Carbon Fiber Stress-Strain – SBS Result
Figure 59 summarizes the stress-strain results of all five specimens. Specimen 1, 2, 3, and
5 shows similar behavior. Specimen 4 shows a much larger strain to failure compard to the
rest of the specimens.
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Figure 60: Carbon Fiber SBS Stress-Strain Material Data – FEM Input
Figure 60 is the stress-strain data that was dervived from Specimen 3. This is the typical
behavior of the carbon fiber material picked out from the five tested specimens. This
stress-strain curve is used as input values for the material properties of the carbon fiber ply
in the ANSYS Finite Element Short Beam Strength models.
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2.5.3. C/C/P/C/C Laminate Short Beam Strength Test Results
The laminate is made up of 4 plies of carbon fiber biaxial braided, trimmed in the 0/90
degree direction and one ply of polyester placed in the center of the layup. The Short
Beam Strength test was performed at Structural Composites in Melbourne, Florida. A total
of five specimens (specimens 1 through 5) were tested. The dimensions of each specimen
are shown in Figure 61. An average crosshead motion of 0.050 in/min was used with an
average span of 0.30”. The results show that removing one carbon fiber ply and adding in
a polyester ply in the center where the maximum shear stress is located (neutral axis),
improves interlaminar strength by prevention of crack initiation (Mode II cracking). The
interlaminar shear failure then occurs at the next upper or lower interface where there is
carbon to carbon ply interfaces, which occurred in the experiment; there was no failure at
the extreme fiber surface. The effective maximum short beam strength of [C/C/P/C/C]
reached 1.93 ksi.; which is 32% higher than the all-carbon fiber laminate.

Figure 61: [C/C/P/C/C] Laminate Specimen Dimensions – SBS Test
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Figure 62: [C/C/P/C/C] SBS Stress-Strain – SBS Results
Figure 62 summarizes the stress-strain results of all five specimens that consist of five
carbon fiber plies with one polyester ply in the center of the layup from Short Beam
Strength testing. The behavior of four specimens are identical to each other and specimen
2 seems to be the outlier with a large strain to failure compared to the other four
specimens.
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2.5.4. C/P/C/P/C Laminate Short Beam Strength Test Results
The laminate is made up of 3 plies of carbon fiber biaxial braided, trimmed in the 0/90
degree direction and 2 plies of polyester placed between every carbon fiber interface. The
Short Beam Strength test was performed at Structural Composites in Melbourne, Florida.
A total of five specimens (specimens 1 through 5) were tested. The dimensions of each
specimen are shown in Figure 63. An average crosshead motion of 0.050 in./min was used
with an average span of 0.30”. The results show that removing 3 carbon fiber plies and
adding in 2 polyester plies at every interface, noticeably improves interlaminar shear
strength. This gave ductility at all interfaces. The effective maximum short beam strength
of [C/P/C/P/C] reach 1.94 ksi.; which is 33% higher than the all-carbon fiber laminate.
The failure mode achieved on the laminates are from interlaminar shear only, there was no
failure at the extreme fiber surface.

Figure 63: [C/P/C/P/C] Laminate Specimen Dimensions – SBS Test

65

Figure 64: [C/P/C/P/C] SBS Stress-Strain – SBS Result
Figure 64 summarizes the stress-strain results of all five specimens that consist of three
carbon fiber plies and two polyester plies at the carbon to carbon interfaces from Short
Beam Strength testing. The behavior of all five specimens are identical to each other and
the graph is scaled similarly to the graph shown in Figure 59. Figure 64 shows that the
subject laminates fails at a higher stress value than the all carbon fiber laminates shown in
Figure 59 and the [C/C/P/C/C] laminate shown in Figure 62, and also fails at a larger strain
value due to the added ductility from the two polyester plies at the critical interfaces.
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2.5.5. Experiment Results Summary
Table 1: Flexure Modulus of Elasticity Summary
Flexure Experiment

[C/C/C/C/C/C] Specimen 5
Laminate
Specimen 6
Specimen 7
[C/C/P/C/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[C/P/C/P/C]
Specimen 2
Laminate
Specimen 3
Specimen 4
Specimen 5
Specimen 6
[P/P/P/P]
Specimen 1

Modulus of Elasticity (psi)

1.82E+06
2.63E+06
1.52E+06
2.80E+06
3.02E+06
2.78E+06
2.87E+06
3.56E+06
1.40E+06
2.41E+06
1.82E+06
1.46E+06
1.29E+06
1.82E+06

Effective Modulus of Elasticity (psi)

1.82E+06

3.0E+06

1.7E+06

1.9E+05

Table 1 consists of the flexure modulus of elastiscity summary obtained from the flexure
tests for the All Carbon Laminate, All Polyester Laminate, [C/C/P/C/C] Laminate, and
[C/P/C/P/C] Laminate. The effective modulus is calculated based on a weight average of
each layup configuration batch. Only one specimen was tested for the All Polyester
configuration since the strain to failure is large compared to carbon fiber, and the
difference in the region of carbon fiber failure within the polyester data should be identical
between all five specimens.
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Table 2: Modulus of Rupture Summary
Flexure Experiment

[C/C/C/C/C/C] Specimen 5
Laminate
Specimen 6
Specimen 7
[C/C/P/C/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[C/P/C/P/C]
Specimen 2
Laminate
Specimen 3
Specimen 4
Specimen 5
Specimen 6
[P/P/P/P]
Specimen 1

Modulus of Rupture (psi)

35081.1
51026.8
37197.6
48129.6
50369.5
40828.3
44729.3
30701.3
26062.2
30608.5
33574.7
29881.2
34316.6
8371.8

Effective Modulus of Elasticity (psi)

30826
42952

30889

8372

Table 2 consists of the flexure modulus of rupture summary obtained from the flexure tests
for the All Carbon Laminate, All Polyester Laminate, [C/C/P/C/C] Laminate, and
[C/P/C/P/C] Laminate. The effective modulus of rupture is calculated based on a weight
average of each layup configuration batch.
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Table 3: Percent Flexure Strain Summary
Flexure Experiment

[C/C/C/C/C/C] Specimen 5
Laminate
Specimen 6
Specimen 7
[C/C/P/C/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[C/P/C/P/C]
Specimen 2
Laminate
Specimen 3
Specimen 4
Specimen 5
Specimen 6
[P/P/P/P]
Specimen 1

Modulus of Rupture Strain (%)

2.2
2.3
2.1
1.8
1.7
1.8
1.5
1.1
3.0
2.9
2.5
3.3
2.8
12.0

Average Flexure Strain (%)

2.2

1.6

2.9

12.0

Table 3 consists of the percent flexure strain summary obtained from the flexure tests for
the All Carbon Laminate, All Polyester Laminate, [C/C/P/C/C] Laminate, and [C/P/C/P/C]
Laminate.
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Table 4: Tensile Modulus of Elasticity Summary
Tensile Experiment

[C/C/C/C/C/C] Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
[C/C/P/C/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
[C/P/C/P/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
[P/P/P/P]
Specimen 1
Specimen 2
Specimen 3
Specimen 4
Specimen 5

Modulus of Elasticity (psi)

4.18E+06
4.05E+06
4.12E+06
3.92E+06
2.73E+06
2.43E+06
2.50E+06
2.60E+06
1.53E+06
1.46E+06
1.45E+06
1.46E+06
3.66E+05
3.37E+05
3.33E+05
2.77E+05
3.51E+05

Effective Modulus of Elasticity (psi)

4.1E+06

2.6E+06

1.5E+06

3.3E+05

Table 4 consists of the tensile modulus of elastiscity summary obtained from the tensile
tests for the All Carbon Laminate, All Polyester Laminate, [C/C/P/C/C] Laminate, and
[C/P/C/P/C] Laminate. The effective modulus is calculated based on a weight average of
each layup configuration batch.
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Table 5: Tensile Strength Summary
Tensile Experiment

[C/C/C/C/C/C] Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
[C/C/P/C/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
[C/P/C/P/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
[P/P/P/P]
Specimen 1
Specimen 2
Specimen 3
Specimen 4
Specimen 5

Tensile Strength (psi)

84331.8
84015.9
79859.9
78442.8
47224.1
51421.4
44664.7
46915.2
27316.4
26699.6
27576.4
26192.8
5987.0
4499.9
3923.0
5449.0
5686.0

Average Tensile Strength (psi)

81663

47556

26946

5109

Table 5 consists of the tensile strength summary obtained from the tensile tests for the All
Carbon Laminate, All Polyester Laminate, [C/C/P/C/C] Laminate, and [C/P/C/P/C]
Laminate.
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Table 6: Percent Tensile Strain Summary
Tensile Experiment

[C/C/C/C/C/C] Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
[C/C/P/C/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
[C/P/C/P/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
[P/P/P/P]
Specimen 1
Specimen 2
Specimen 3
Specimen 4
Specimen 5

Tensile Strain (%)

2.5
2.5
2.4
2.4
2.1
2.1
2.2
2.1
2.1
2.0
2.1
1.9
15.2
10.2
4.4
14.1
19.9

Average Tensile Strain (%)

2.5

2.1

2.0

12.8

Table 6 consists of the percent tensile strain summary obtained from the tensile tests for the
All Carbon Laminate, All Polyester Laminate, [C/C/P/C/C] Laminate, and [C/P/C/P/C]
Laminate.
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Table 7: Short Beam Modulus of Elasticity Summary
Short Beam Experiment

[C/C/C/C/C/C] Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[C/C/P/C/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[C/P/C/P/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[P/P/P/P]
Specimen 1
Specimen 2
Specimen 3
Specimen 4
Specimen 5

Modulus of Elasticity (psi)

2.18E+05
2.21E+05
1.29E+05
3.70E+05
1.29E+05
3.12E+05
2.70E+05
1.22E+05
2.85E+05
1.20E+05
2.50E+05
2.05E+05
3.65E+05
2.03E+05
3.28E+05
1.39E+05
1.39E+05
1.24E+07
1.21E+05
1.13E+05

Effective Modulus of Elasticity (psi)

2.1E+05

2.2E+05

2.7E+05

2.6E+06

Table 7 consists of the short beam modulus of elastiscity summary obtained from the short
beam strength tests for the All Carbon Laminate, All Polyester Laminate, [C/C/P/C/C]
Laminate, and [C/P/C/P/C] Laminate. The effective modulus is calculated based on a
weight average of each layup configuration batch.
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Table 8: Short Beam Strength Summary
Short Beam Experiment

[C/C/C/C/C/C] Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[C/C/P/C/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[C/P/C/P/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[P/P/P/P]
Specimen 1
Specimen 2
Specimen 3
Specimen 4
Specimen 5

Short Beam
Strength (psi)

1667.3
1573.1
1378.6
1436.5
1216.8
1625.6
4408.5
1230.8
1221.9
1189.5
1850.7
1856.5
2185.4
2126.5
1683.2
1557.0
1194.9
1862.5
1592.1
1603.8

Avg. Short Beam
Strength (psi)

Failure Mode

1454

Interlaminar Shear

Interlaminar Shear
1935

Interlaminar Shear
1940

1562

Tension/Compression
at the Extreme Fiber
Surface

Table 8 consists of the short beam strength summary obtained from the short beam strength
tests for the All Carbon Laminate, All Polyester Laminate, [C/C/P/C/C] Laminate, and
[C/P/C/P/C] Laminate. The failure mode for each test is shown on the last column.
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Table 9: Percent Short Beam Strain Summary
Short Beam Experiment

[C/C/C/C/C/C] Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[C/C/P/C/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[C/P/C/P/C]
Specimen 1
Laminate
Specimen 2
Specimen 3
Specimen 4
Specimen 5
[P/P/P/P]
Specimen 1
Specimen 2
Specimen 3
Specimen 4
Specimen 5

Shear Strain (%)

Average Shear Strain (%)

1.1
0.7
1.3
1.9
1.0
1.7
3.9
1.2
1.5
1.2
1.4
1.4
1.4
1.9
2.2
10.7
9.1
11.9
11.3
10.2

1.2

1.9

1.7

10.6

The flexure experiment shows that there is an increase in flexure strength by 39% (30.83
ksi to 42.95 ksi.) for the laminate with one center polyester ply that replaced two structural
carbon plies. However, there were not much improvements when replacing four structural
plies with two polyester plies since this largely reduced the flexure modulus (E) by about
40%. The tensile experiment as expected showed a decrease in tensile strength as
structural plies were replaced with polyester plies. The short shear beam experiment
shows that the overall stiffness increased as polyester plies were added to the interfaces
between carbon plies, which resulted to an increase in short beam strength; this occured
even with a reduction in structural plies as polyester plies were added.
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Chapter 3
Finite Element Analysis
Experimental testing is time consuming and costly; therefore, if we can build finite
elements models that produce results similarly to the experimental test results, we then
gain confidence in the ability to extrapolate our modeling methods to other layups,
geometric configurations, and loading scenarios.
This chapter describes the preprocessing and post processing of finite element models
that were created to correlate with the experimental test results from Chapter 3. The
specimens were modeled in ANSYS 2021 R1 with the same geometric dimensions, layup
configurations, and boundary conditions (loading and supports) as the experimental tests.
The ANSYS solutions performed are nonlinear with incremental loading that mimics the
loading rate of each test. Material properties are nonlinear and are extracted from the
stress-strain data developed in Chapter 2 for each laminate configuration.

3.1. ANSYS Pre-Processing
ANSYS 2021 R1 is used to model the test specimens, input nonlinear material properties,
and apply boundary conditions. A total of six specimens were modeled with layup
configurations: C/C/P/C/C and C/P/C/P/C for each test (Tensile, Flexure, and Short Beam
Strength). Nonlinear material properties were obtained from the results in Chapter 2. The
results of one specimen from each test and each layup configuration was selected as
typical, and used as the standard material property to input into ANSYS. Boundary
conditions in the form of applied loads and constraints were idealized from the test
geometries. Friction was not modeled, and the constraints were modeled as fixed and
roller supports. The specimen dimensions modeled in ANSYS are the same as the actual
measured dimension of the “typical” specimen from each batch; each batch is categorized
based on layup configuration and type of experimental test (five specimens in each batch).
The elements used are shells with layups applied to them in the worksheet function of
ANSYS. The pre-processing steps in ANSYS are discussed in this section.
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3.1.1. C/C/P/C/C & C/P/C/P/C Tensile, Flexure, SBS Modeling
The modeling procedures for specimens with layup configuration C/C/P/C/C and
C/P/C/P/C for Tensile, Flexure, and Short Beam Strength configurations are described in
this section. The first step was to input the nonlinear material properties for the carbon
fiber biaxial braided, trimmed in the 0/90 degree direction and DuraSpun 016/120
Polyester in stress-strain units. Engineering Data was selected, and two materials were
created. Property Outline was selected and Multilinear Isotropic Hardening under the
Plasticity category from the toolbox was used. A linear elastic property had to be added to
the property card as a placeholder that is not actually used in the ANSYS Solution.
“Tabular Input” was selected under the multilinear isotropic hardening function, and the
stress-strain data from the experimental test results were inputted (Refer to Appendix for
Stress-Strain charts). There can be no more than 35 data points that make up the stressstrain curve, so the material curves were truncated down to 20 to 35 points. It is also
required that stress strain curves increase monotonically. Lastly, the first point on the
stress-strain curve must be 0 for strain and a very small number for stress (1E-14 was
used).
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The geometry of each specimen was created in ANSYS Design Modeler. A local
coordinate system was created, and dimensions were constrained in reference to the local
coordinate system. The geometry was then extruded as a surface, and the length of the
extrusion is the span of the actual measured specimen. For Flexure and Short Beam
Strength models three lines were created to slice the surface at the two span supports and
the nose load application location. The locations of the three lines are located based on
ASTM specification and the specimen geometry. The Facesplit tool was used to slice the
surface into three pieces.

Specimen Height: 0.966”
Speciement Length: 12”
Figure 65: Tensile Specimen Dimensions - ANSYS

Refer to backup data for dimensions of both tensile specimens (C/C/P/C/C & C/P/C/P/C).
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Specimen Height: 1.442”
Speciement Length: 1.579”
Figure 66: Flexure Specimen Dimensions - ANSYS

Figure 67: Flexure Specimen Surface Split - ANSYS
Refer to backup data for dimension of both flexure specimens (C/C/P/C/C & C/P/C/P/C).
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Specimen Height: 0.492”
Speciement Length: 0.949”
Figure 68: Short Beam Strength Specimen Dimensions - ANSYS

Dimension (H5) = 0.3245”
Dimension (H6) = 0.30”
Dimension (H7) = 0.15”
Figure 69: Short Beam Strength Specimen Surface Split - ANSYS
Refer to backup data for dimension of both Short Beam Strength specimens (C/C/P/C/C &
C/P/C/P/C).
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Layup configuration, boundary conditions in the form of constraints and applied loads, and
nonlinear solution setup was done in ANSYS Static Structural – Mechanical workbench.
The applied load was broken into 30 to 50 substeps. The tensile specimen was simply
supported on one end (no translation in length direction), and weak springs turned on in
Analysis Settings. The flexure and short beam strength specimen was constrained as a
roller using the “Remote Displacement” function with no translation in the width direction
(T1) and vertical direction (T2) while letting translation in length direction (T3) free, and
no rotation about vertical and length axis (R2 and R3), and free to rotate about the width
axis (R1). Weak springs turned on in Analysis Settings. The solver type was iterative with
the force and displacement convergence turned on at a tolerance of 0.50%. Nonlinear Data
and Nonlinear Solver turned on. Solutions for directional and total displacements, normal
elastic strain, equivalent plastic strain (Von Mises Strain), and normal stress were
requested.
T2

T3

Figure 70: Flexure and SBS Coordinate System
Tensile Models: Mesh Density = 0.01”, Element Type = Shell, Element Number = 11811,
DOF = 36258
Flexure Models: Mesh Density = 0.01”, Element Type = Shell, Element Number = 22752,
DOF = 23055
SBS Models: Mesh Density = 0.01”, Element Type = Shell, Element Number = 4606,
DOF = 4750
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Figure 71: Tensile Specimen Boundary Conditions - ANSYS

82

Figure 72: Flexure Specimen Boundary Conditions - ANSYS
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Figure 73: Short Beam Strength Specimen Boundary Conditions - ANSYS
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Figure 74: C/C/P/C/C Layup Configuration - ANSYS

Figure 75: C/P/C/P/C Layup Configuration - ANSYS

Figure 76: ANSYS Analysis Settings [Ref. 8]
Auto Time Stepping was turned off to be able to control the number of iterations and
output values for graphing purposes. Auto Time Stepping was replaced with Load Step
and Load Substep in order to account and control incremtation of the applied load to the
specimen. The Load Step is set to 1 and number of substeps is set to a number (15, 30,
etc.), so the load at each substep is Total Applied Load multiplied by the ratio of 1 divided
by the substep number.
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3.2. ANSYS Post-Processing
ANSYS 2021 R1 was used to post-process the results. Contour plots for Equivalent Plastic
Strain (Von Mises Strain) and Displacments were generated in the ANSYS Static
Structural Workbench. The nonlinear analysis consists of dividing the applied load by the
number of substeps and applying the divided load incrementally. The nonlinear solution
stops when either the carbon fiber or the polyester stress-strain material data reaches the
last point on the material property stress-strain curve. Once there is no longer a curve to
follow then there is no tangent modulus that can be calculated. In addition, if the force,
moment, and displacement results from each iteration compared to the previous iteration
exceeds the tolerance provided in the analysis settings the simulation stops with an error
message of nonconvergence. A plot was generated using incremental applied load versus
Von Mises Plastic Strain results for each specimen layup configuration and test type. The
curves of the FEM results and experimental results were combined into one graph for
comparison; the FEM result is treated as an additional specimen that is compared with the
entire batch. The ANSYS Static Structural Workbench was used to approximate where
and when failure occurs and to simulate stiffness changes based on the user’s material
properties inputs and nonlinear simulation tolerances.

3.2.1. Tensile Test & FEM Correlation
Results from the experimental tensile tests and the finite element approximations were
almost identical. In the experimental tensile test setup, the specimen was clamped on both
sides and failure occurred very close to the clamped edges. The load application of the
experiment was mimicked in the finite element model by applying an axial load on one end
and simple support (no translation along length direction with weak springs turned on) on
the opposing end of the specimen. Failure in the finite element model showed the
specimens failed very close to the edge where the load was applied, this showed
similarities to the failure at the clamped edge of the specimen in the actual experiment.
Failure was determined by ANSYS once the nonlinear simulation was haulted by the
software, and the stress/strain value at when the simulation was haulted is the final value
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before catastrophic failure. Tolerances are set for Force Convergence, Moment
Convergance, and Displacement Convergence in the ANSYS Static Nonlinear Solution
parameters. As ANSYS solves the model interating through the time steps it will check for
convergence from the input parameters, and once tolerances have been exceed the solution
then fails to converge and the solution stops; the applied load at the time step of
nonconvergence is the applied load that caused failure.

3.2.1.1. C/C/P/C/C FEM Results & Correlation

Figure 77: C/C/P/C/C Tensile Failure – ANSYS Nonlinear Solution

Figure 77 shows the Equivalent Plastic Strain (Von Mises Strain) at failure, failure strain
equals 0.0209 inch. The nonlinear solution stopped simulation once the force, moment,
and displacement tolerances were exceeded or the results surpassed the stress-strain curve
provided in the material properties. Figure 77 correlates to the failure mode seen in the
experiment, Refer to Figure 80.
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Figure 78: C/C/P/C/C Tensile Experiment & ANSYS Results Comparison
The ANSYS simulation is treated as an additional C1P specimen that is compared with all
the specimens in the tensile experimental test since the material properties are commingled
between different polyester and carbon fiber specimens.
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3.2.1.2. C/P/C/P/C FEM Results & Correlation

Figure 79: C/P/C/P/C Tensile Failure – ANSYS Nonlinear Solution
Figure 79 shows the Von Mises Plastic Strain at failure of the specimen under tension near
the clamped end, maximum failure strain equals 0.0504 inch. The strain of the subject
specimen is much higher than the strain from specimen with layup C/C/P/C/C due to a
reduction in stiffness. Figure 79 correlates to the failure mode seen in the experiment,
Refer to Figure 80.

Figure 80: C/P/C/P/C Tensile Failure – Experiment
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Figure 81: C/P/C/P/C Tensile Experiment & ANSYS Results Comparison

The ANSYS simulation is treated as an additional C2P specimen that is compared with all
the specimens in the tensile experimental test since the material properties are commingled
between different polyester and carbon fiber specimens.
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3.2.2. Flexure Test & FEM Correlation
Comparison between the experimental data and the finite element approximations for
flexure showed very similar results, as expected. In the experimental flexure test setup, the
specimen sat on two roller supports and small rotaions were allowed. The load application
and constaints of the experiment were mimicked. In the actual test, failure occurred at the
extreme fibers of the specimen and the finite element simulations shows the same failure
mode in terms of maximum displacement and strain locations.

3.2.2.1. C/C/P/C/C FEM Results & Correlation

Figure 82: C/C/P/C/C Flexure Failure – ANSYS Nonlinear Solution
Figure 82 shows the Von Mises Plastic Strain at failure (maximum Von Mises Strain is
0.299 inch). The failure mode is similar to the flexure test. As expected, the extreme
fibers failed at where the nose load was applied. The deflection shown is the final shape
once the simulation became instable.
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Figure 83: C/C/P/C/C Flexure Experiment & ANSYS Results Comparison
The ANSYS simulation is treated as an additional C1P specimen that is compared with all
the specimens in the flexure experimental test since the material properties are commingled
between different polyester and carbon fiber specimens.
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3.2.2.2. C/P/C/P/C FEM Results & Correlation

Figure 84: C/P/C/P/C Flexure Failure – ANSYS Nonlinear Solution
Figure 84 shows the Von Mises Plastic Strain at failure (maximum Von Mises Strain is
0.154 inch). The failure mode is similar to the flexure test. The failure strain is less than
the failure strain of the C/C/P/C/C specimen because the subject laminate with layup
C/P/C/P/C has a larger moment of inertia (larger stiffness overall). The deflection shown
is the final shape once the simulation became instable.
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Figure 85: C/P/C/P/C Flexure Experiment & ANSYS Results Comparison

The ANSYS simulation is treated as an additional C2P specimen that is compared with all
the specimens in the flexure experimental test since the material properties are commingled
between different polyester and carbon fiber specimens.
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3.2.3. Short Beam Strength Test & FEM Correlation
Short Beam Strength results for the experimental tests and the finite element
approximations are similar. Modeling the boundary conditions for the short beam strength
specimens were similar to the flexure specimen (Refer to Section 3.2.2). The failure
location predicted in the finite element solution showed the specimen failed at the center
where the load is applied; however, this is a high level prediction since in the actual test the
specimen failed based on interlaminar shear stress between the interfaces of the carbon
plies where polyester is not present. Polyester adds ducility at the bondline and resists
crack initiation and crack growth; therefore, applying the polyester plies near the center of
the layup prevents interlaminar failure at the maximum shear stress location. ANSYS
Static Workbench was not able to capture interlaminar failure of the laminate because the
finite element analysis is simplied to a shell model. Interlaminar failure can be captured if
the model was converted to solid hex elements; then accurate stresses can be extracted. A
simple shell model was used to only capture the technique of modeling and correlating to
actual test data based on stiffness, constraints, and load application. For future work,
Composite Workbench in ANSYS can be used to predict more accurate failure modes
within composites, and also modeling the specimens as solid hex elements.
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3.2.3.1. C/C/P/C/C FEM Results & Correlation

Figure 86: C/C/P/C/C SBS Failure – ANSYS Nonlinear Solution
Figure 86 shows the Von Mises Plastic Strain at failure (maximum Von Mises Strain is
0.194 inch). The failure mode is similar to the SBS test as the deflected shape is showing
the plastic hinge behavior (no bending).
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Figure 87: C/C/P/C/C Flexure Experiment & ANSYS Results Comparison

The ANSYS simulation is treated as an additional C1P specimen that is compared with all
the specimens in the short beam strength experimental test since the material properties are
commingled between different polyester and carbon fiber specimens.
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3.2.3.2. C/P/C/P/C FEM Results & Correlation

Figure 88: C/P/C/P/C SBS Failure – ANSYS Nonlinear Solution
Figure 88 shows the Von Mises Plastic Strain at failure (maximum Von Mises Strain is
0.274 inch). The failure strain of the subject specimen is larger than the strain of the
C/C/P/C/C specimen because laminate C/P/C/P/C has a reduction in modulus which results
to reduction in overall stiffness. The failure mode is similar to the SBS test and the
C/C/P/C/C laminate, as the deflected shape is showing the plastic hinge behavior (no
bending).
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Figure 89: C/P/C/P/C SBS Experiment & ANSYS Results Comparison

The ANSYS simulation is treated as an additional C2P specimen that is compared with all
the specimens in the short beam strength experimental test since the material properties are
commingled between different polyester and carbon fiber specimens.
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Chapter 4
Stability Analysis
This chapter studies the buckling capability of panels with interleaved polyester plies based
on finite element analysis using NASTRAN Solution 105. NASTRAN Solution 105 using
eigenvalue methodology to determine load at which the part buckles. The finite element
pre-processing software used for modeling is FEMAP version 2021.1, and the solver is NX
Nastran.

4.1 Finite Element Analysis – Solution 105
Two panels were modeled in FEMAP version 2021.1: one with carbon fiber fabric plies
only and one with carbon fiber fabric plies with interleaved polyester plies. Compression
load is applied to one edge of the panel and the opposite edge is pinned (T1, T2, and T3).
This load and constraint application induces compression on the panel. NASTRAN
Solution 105 was then run to solve the eigenvalue problem. An eigenvalue represents a
multiplicative factor on the applied load required to buckle the panel.

Figure 90: Carbon Fiber and Polyester Ply Properties
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Figure 91: Panel Boundary Conditions

A panel was created for each layup configuration of:
[05(P/0)4]s
[05(0/P)4]s
[06(0/P)3/P]s
[010]s
[09]s
The critical buckling load (eigenvalues) are calculated using NASTRAN Solution 105, and
the results and comparisons are shown in Figure 106.
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[05(P/0)4]s
[05(0/P)4]s
[06(0/P)3/P]s

Eigenvalue
2.76
2.72
2.68

[010]s

3.10

Percent Difference
Negative = Decrease

-10.97
-12.26
-13.55

[05(P/0)4]s
[05(0/P)4]s
[06(0/P)3/P]s

Eigenvalue
2.76
2.72
2.68

[09]s

2.49

Percent Difference
Negative = Decrease

10.84
9.24
7.63

[05(P/0)4]s vs [010]s
[05(0/P)4]s vs [010]s
[06(0/P)3/P]s vs [010]s

[05(P/0)4]s vs [09]s
[05(0/P)4]s vs [09]s
[06(0/P)3/P]s vs [09]s

Figure 92: Finite Element Analysis Buckling Results Comparison

In conclusion, the Polyester plies increases buckling capability since thickness is added to
the laminate, but cautious must be taken when replacing polyester plies with structural
plies since polyester plies has low modulus (E).
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Chapter 5
Classical Laminate Theory Analysis
The effective modulus of elasticity for the BIMAX-L-48 carbon fiber ply and the
DuraSpun 016/120 were extracted from the experimental tensile and flexure test. These
values are then used in the Classical Laminate Theory and Rule of Mixtures to calculate
the equivalent axial and flexure modulus of the two laminate configurations [C/C/P/C/C]
and [C/P/C/P/C]. The equivalent modulus from the hand calculations are then compared
between each other (CLT versus RoM) and also compared with the effective modulus of
elasticity of the experimental test for the two laminate configurations. The goal of this task
is to correlate the hand methods with the test results. In reality, it is inconvenient to test
every layup configuration. Therefore, the goal is test the ply materials of each layup to
obtain their properties. With those properties we can use classical hand methods to
calculate the stiffness and strain values for any combination of layup confgurations that
uses those ply materials; this will save time and money.
The equations for the Rule of Mixtures are obtain from the textbook: “Principles of
Composite Material Mechanics, Fourth Edition, by Ronald F. Gibson [Ref. 7].
𝐄𝐱 =

𝐀𝟏𝟏 ∗ 𝐀𝟐𝟐 − 𝐀𝟐𝟏𝟐
[Ref. 7]
𝐭 ∗ 𝐀𝟐𝟐

𝐄𝐲 =

𝐀𝟏𝟏 ∗ 𝐀𝟐𝟐 − 𝐀𝟐𝟏𝟐
[Ref. 7]
𝐭 ∗ 𝐀𝟏𝟏

𝐄𝐟𝐱 =
𝐄𝐟𝒚 =

𝐭𝟑

𝟏𝟐
[Ref. 7]
∗ 𝐃′𝟏𝟏

𝐭𝟑

𝟏𝟐
[Ref. 7]
∗ 𝐃′𝟐𝟐

Tensile and Flexure results are correlated with results from Classicial Laminate Theory and
Rule of Mixtures. The carbon fiber and polyester ply effective modulus properties from
Figure 83 in Section 2.5.5 are used in the analysis. The ply properties are used to build the
stiffness matrix and calculate the equivalent tensile/flexure modulus of the two laminate
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configurations [C/C/P/C/C & C/P/C/P/C] using Classical Laminate Theory (CLT). Next,
the stiffness matrix from CLT and the thickness of the laminates are used in the Rule of
Mixtures to calculate another equivalent tensile and flexure modulus of the two laminate
configurations. Lastly, the results are compared against each other and against the
experiment test results of the two laminate configurations [C/C/P/C/C & C/P/C/P/C]. .
[C/C/P/C/C]
[C/P/C/P/C]

A-Matrix (Q11) A-Matrix (Q22) A-Matrix (Q12) A-Matrix (Q66)
1.23E+05
1.23E+05
7.26E+03
9.46E+03
1.03E+05
1.03E+05
8.84E+03
1.03E+04

Thickness (inch)
0.062
0.079

Equivalent Ex - Rule of Mixtures
1969971
1297380

Ex - CLT
1969963
1297378

Rule of Mixtures vs CLT
Rule of Mixtures vs Test
CLT vs Test

[C/C/P/C/C]
Modulus Ex - % Difference
0.00
3.65
3.65

[C/P/C/P/C]
Modulus Ex - % Difference
0.00
4.60
4.60

Tensile Test Experiment
2041961
1240344

Figure 93: Tensile Properties – CLT versus RoM versus Experimental Test
The tensile results from CLT, RoM, and Experimental Test results correlate well with less
than 5% difference.

[C/C/P/C/C]
[C/P/C/P/C]

D-Matrix (Q11) D-Matrix (Q22) D-Matrix (Q12) D-Matrix (Q66) D'-Matrix (Q11) D'-Matrix (Q22)
3.87E+01
3.87E+01
1.63E+00
3.67E+00
2.59E-02
2.59E-02
5.03E+01
5.03E+01
3.04E+00
6.12E+00
1.99E-02
1.99E-02

Thickness
0.062
0.079

Rule of Mixtures vs CLT
Rule of Mixtures vs Test
CLT vs Test

Equivalent Efx
1945067
1220921

Efx - CLT
1945066
1220920

Flexure Test Experiment
2964245
1558170

[C/C/P/C/C]
[C/P/C/P/C]
Modulus Ex - % Difference Modulus Ex - % Difference
0.00
0.00
52.40
21.64
52.40
21.64

Figure 94: Flexure Properties – CLT versus RoM versus Experimental Test
Classical Laminate Theory and Rule of Mixture results correlate well, 0% difference.
However, the test results shows much higher flexure stiffness than the hand calculated
results. This may be due to the thickness dissimilarities of the structural and polyester
plies compared to the thicknesses used in the classical hand methods while also the batch
of specimens tested were small (total of 5). In the future, more specimans can be tested to
get a better average of the population; in addition, to getting more accurate measurements
of the ply thicknesses.
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Chapter 6
Conclusions and Recommendations for Future Work
The flexure experiment shows that replacing two structural carbon fiber plies with one
polyester ply in a 6 ply carbon fiber laminate increases both the effective modulus of
elasticity and the effective modulus of rupture by 42% and 39%, respectively. That
ressults from a reduction of 33% in structural plies being replaced with 1 polyester ply.
The reason for improvement is that the polyester ply is thicker, which enhances the
moment of inertia of the laminate section. However, anything more than 33% reduction in
structrural plies will degrade both the flexure stiffness and flexure strength of the overall
laminate compared to the baseline six carbon fiber ply laminate. The lesson learned is that
there is a balance to replacing structural plies with polyester ones before the flexure
stiffness and flexure strength of the laminate become degraded.
The tensile experiment, as expected, shows both tensile stiffness and strength of the
laminate being degraded as carbon fiber plies were replaced with polyester plies ones to try
and meet laminate thickness equivalency between the baseline carbon fiber only laminate
and carbon fiber interleaved polyester laminate. Tensile strength is the a function of crosssectinal area and modulus of elasticity. Polyester plies thickens the section but the crosssection improvements are not enough to overcome the lost of tensile stiffness due to the
degradation of the modulus of elasticity of the laminate.
The short beam strength experiment shows that applying polyester plies at the critical shear
interfaces enhances the interlaminar shear strength of the laminate, thus reducing?? crack
initiation and growth in the matrix. The experiment shows an increase in average short
beam strength by about 33% when polyester plies are interleaved into the laminate internal
interfaces [Ref. Figure 83].
The finite element simulations using stress-strain properties extracted from the
experimental test show good correlations with the experimental test results in terms of
deformation and incremental loading versus strain behavior [Ref. Section 3.2]. The
modeling techniques can be enhanced further in the near future by using ANSYS
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composite workbench and also modeling the specimen with solid hex elements to capture
better accuracy in failure modes. In addition, the laminate layups can be modeled as layers
of shell elements instead of as one single layer; this modeling technique may give even
better accuracy for correlation and studies of different layup behaviors.
Finite element analysis in NASTRAN (Solution 105) shows that there are buckling
capability improvements when structural plies are replaced with polyester ones since there
is an increase in moment of inertia due to the larger thicknesses from the polyester layers.
Balance between reduction in structural plies with interleaving polyester ones needs to be
cautiously considered or degradation of flexure strength and flexure stiffness can occur.
This research shows that replacing 2 structural carbon fiber plies for 2 polyester plies
improves the eigenvalue (load at which the panel buckles) by up to 10%.
Classical Laminate Theory and Rule of Moisture for tensile and flexure stiffness
calculations in comparison with the average values from the experimental test results
shows less then 5% difference for tensile stiffness while there are large differences up to
50% in terms of flexure stiffness. To obtain better correlation for flexure stiffness, more
specimens should be tested while also recording more precise dimensions.
Substituting polyester plies for carbon fiber plies as a 1:1 ratio reduces the modulus of
elasticity of the laminate. In spite of degradation of the modulus of elasticity, polyester
plies are much thicker than the typical carbon fiber plies by about a factor of 2. Therefore,
adding in polyester plies increases geometry which improves the moment of inertia; this
could potentially enhance the overall flexure and buckling stiffness if enough thickness is
added to overcome the lost of modulus from the reduction of structural carbon plies.
Interleaving polyester plies between the critical interfaces of the layup increases the Short
Beam Strength. The polyester adds ductility at the bond interfaces to resist crack initiation
and growth; this is an improvement to the inerlaminar shear strength of the laminate.
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Recommendations for future work to expand and enhance this research include the
following:
1. Perform compression mold curing with a constant pressure of 100 to 200 psi for two
hours on all laminate configurations to avoid failures due to defects in the form of
voids and porosity.
2. Take section cuts of the failed specimens and view under a microscope to perform a
detailed investigation of the failure mode.
3. Perform experimental buckling tests on different layup configurations with and
without interleaved polyester plies.
4. Perform experimental tests for tensile, buckling, short beam strength, and flexure for
honeycomb core sandwich panels with interleaved polyester plies.
5. Consider possible applications of interleaved polyester in honeycomb core layups.
6. Study to see if interleave polyester plies improve or degrade mechanical fastener joint
strength.
7. Study to see if interleave polyester plies improve or degrade adhesive bonded joint
strength.
8. Recreate the finite element models using a layer of shell elements for each ply. This
will add more fidelity to the models for experimental test correlation and expansion of
research without experimental testing.
9. Recreate the finite element models using solid hex elements for each ply layer to add
more fidelity for experimental test correlation and expansion of research without
experimental testing.
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Appendix A – Nonlinear ANSYS Properties
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Figure 95: DuraSpun 016/160 Polyester Ply – Tensile Nonlinear Property
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Table 10: DuraSpun 016/160 Polyester Ply – Tensile Plot Coordinates
Plastic Strain (in/in)
0
0.008215
0.008435
0.008787
0.009309
0.010205
0.011336
0.012763
0.014338
0.016436
0.018396
0.019149
0.021598
0.024486
0.025618
0.028849
0.029967
0.034022
0.038789
0.043645
0.048277
0.053175
0.057898
0.063065
0.069717
0.076701
0.077985
0.085974
0.088347
0.095033
0.101110
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Stress (psi)
1.4504E-10
2501.2
2544.8
2609.4
2699.7
2821.5
2940.6
3059.9
3167.0
3280.7
3374.7
3406.1
3496.2
3581.2
3606.1
3672.0
3697.9
3779.5
3862.7
3940.2
4006.9
4088.1
4159.0
4228.7
4311.4
4370.6
4384.0
4447.0
4465.7
4522.3
4563.3

Figure 96: Carbon Fiber Biaxial Braid Ply – Tensile Nonlinear Property

Table 11: Carbon Fiber Biaxial Braid Ply – Tensile Plot Coordinates
Plastic Strain (in/in)
0
0.001915251
0.003509827
0.004734591
0.005067767
0.005876258
0.006651178
0.009089936
0.009700785
0.011108961
0.012245282
0.014859355
0.016878929
0.017703614
0.018629165
0.019673583
0.022629164
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Stress (psi)
1.4504E-10
2403.976040
5623.586587
8456.844857
9333.805397
11606.34116
13939.95924
22116.80904
24315.67897
29564.78664
33944.15101
44344.36714
52686.59352
56177.83290
60103.95010
64605.81297
77554.02112

Figure 97: DuraSpun 016/160 Polyester Ply – Flexure Nonlinear Property
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Table 12: DuraSpun 016/160 Polyester Ply – Flexure Plot Coordinates
Plastic Strain (in/in)
0
0.000730105
0.002068632
0.003407155
0.004867366
0.007179367
0.008517890
0.010343154
0.012290095
0.014237041
0.015575568
0.017522514
0.019712830
0.022389876
0.024823563
0.027378924
0.029812611
0.033584814
0.038938919
0.042224385
0.047091750
0.051594062
0.057921635
0.063275741
0.070576783
0.087247505
0.119615478
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Stress (psi)
1.4504E-10
152.2150218
456.6449317
761.0747082
1065.504485
1522.149550
1978.794482
2283.223991
2587.653768
3044.298699
3196.513588
3653.158252
4109.803585
4566.448249
4718.663137
5175.308470
5631.952734
6088.597132
6697.457352
7001.887129
7306.316905
7610.746681
7915.176458
8219.606234
8371.821790
8524.036011
8524.036011

Figure 98: Carbon Fiber Biaxial Braid Ply – Flexure Nonlinear Property
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Table 13: Carbon Fiber Biaxial Braid Ply – Flexure Plot Coordinates
Plastic Strain (in/in)
0
0.000468457
0.001249219
0.002342287
0.003279201
0.004059963
0.004996877
0.006558401
0.008119925
0.009056839
0.009993756
0.011399128
0.012492192
0.013741412
0.014834480
0.016083698
0.017801375
0.019519051
0.020924422
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Stress (psi)
1.4504E-10
1062.788496
2125.577178
3719.760435
4782.548651
6376.731442
7439.520591
11159.27935
14879.03904
17004.61780
19130.19423
22318.55888
23912.74214
26569.71408
29226.68229
30820.86694
33477.83981
35603.41625
37197.60090

Figure 99: DuraSpun Polyester Ply – SBS Nonlinear Property
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Table 14: DuraSpun 016/160 Polyester Ply – SBS Plot Coordinates
Plastic Strain (in/in)
0
0.002173643
0.004187080
0.005719897
0.007652713
0.011667183
0.014589147
0.016193282
0.019259948
0.028002067
0.036182946
0.041386047
0.048189147
0.056011370
0.061645478
0.071728165
0.082118863
0.093310594
0.112792765
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Stress (psi)
1.4504E-10
125.9450791
261.5374252
431.4593692
622.2420964
1058.136246
1398.228280
1608.169567
1898.119558
2323.250847
2491.024264
2569.867384
2677.715426
2768.097128
2824.270758
2931.715841
3045.789888
3158.074047
3184.156058

Figure 100: Carbon Fiber Biaxial Braid Ply – SBS Nonlinear Property

Table 15: Carbon Fiber Biaxial Braid Ply – SBS Plot Coordinates
Plastic Strain (in/in)
0
0.000652174
0.001296925
0.001948038
0.002608696
0.003190880
0.003986214
0.004277837
0.004974549
0.005655355
0.006696713
0.007156946
0.008093319
0.008815483
0.009559915
0.009956522
0.010381760
0.011050901
0.011110286
0.012201485
0.012855779
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Stress (psi)
1.4504E-10
44.04295906
108.5632560
198.0744998
297.7335414
406.7941610
560.8624574
671.5084522
858.5981506
998.4655319
1127.430347
1321.968634
1617.669161
1809.439090
2043.941397
2219.998721
2378.094080
2576.955800
2591.251803
2728.930482
2757.275958

